A bioassay guided phytochemical analysis of the bulbs of Allium sativum L. var. Voghiera, typical of Voghiera, Ferrara (Italy), allowed the isolation of six new sulfur compounds with dithiosulfinates and sulfoxides functionalities. Structure elucidation of the isolated compounds was carried out by spectroscopic analyses, including NMR spectroscopy and MS spectrometry. Compounds showed significant antimicrobial activity towards two fungal species, the air-borne pathogen Botrytis cinerea and the beneficial fungus Trichoderma harzianum.
Garlic (Allium sativum L.) is one of the oldest plants recognized for its use as food and as medicine since ancient times [1] [2] [3] [4] [5] . Its smell and taste have divided the population in two parts: people loving and people hating it. Horace (65-8 B.C.) first wrote about his detestation of garlic, whose smell was considered as a sign of vulgarity. Homer reported that Ulysses and his companions owed their escape from being changed by Circe into a pig thanks to the garlic virtues. As reported in the Virgil's Eclogues (42 B.C.), garlic was largely consumed by the ancient Greeks and Romans. In addition, many old writers cited garlic as a medicine. Pliny the Elder (23-79 AD) reported a list of complaints in which garlic was considered beneficial, and Galen (129-216 AD) eulogized it as the rustics' Theriac, or Heal-All. One of its older popular names in our countries was 'Poor Man's Treacle,' meaning theriac, in which sense we find it in Chaucer and many old writers. As an antiseptic, its use has long been recognized. In fact, during the second World War it was widely employed for the control of suppuration of wounds and both juice and milk of garlic are still used as vermifuge [1] .
Plant of the Allium genus are a rich source of secondary metabolites stable to cooking such as sapogenins [6, 7] , saponins [8, 9] and flavonoids [10] possessing promising pharmacological properties. In addition these plants possess unique sulfur compounds that are also responsible of their smell that are also the main responsible of the biological properties attributed to garlic [1, 11] .
Here we report on the phytochemical analysis of the sulfur compounds of the Voghiera garlic, an Italian variety mainly cultivated in the area of Ferrara (Emilia-Romagna region in North Italy) which afforded the isolation of six new sulfur compounds (1-6).
The new compounds, based on dithiosulfinates and disulfoxides functionalities, were evaluated for their antimicrobial activity, in comparison with allicin (7), towards two fungal species, the airborne pathogen Botrytis cinerea and the beneficial fungus Trichoderma harzianum.
Bulbs of the plant, were extracted with water and the watery extract was treated with dichloromethane to obtain a crude apolar organic extract. Its purification by MPLC (Medium Pressure Liquid Chromatography) gave a fraction containing sulfur compounds 30 mg/kg, total content) which was further separated by HPLC to give compounds 1-7. Compound 7 has been determined as allicin by comparison of its NMR and MS data with those reported in the literature. Compounds 1-6 were based on a new chemical structure. (Table 2 ) and COSY spectra allowed to separate the signals into three spin systems, three carbon each, thus accounting for all carbon atoms required by molecular formula. In particular, two terminal allylic groups (2 x -CH 2 -CH=CH 2 ) have been identified along with an internal 1,3-disubstituted propene (-CH 2 -CH=CH-) unit.
The whole chemical structure of compound 1 has been obtained by the HMBC correlations reported in Figure 2 . ESI MS (Experimental) and 13 C NMR data ( 13 C NMR data (see Table 1 ) accounted for the molecular formula of C 7 H 12 O 2 S 4 . The elucidation of their chemical structure was obtained by comparison their data with those obtained for compound 1. In fact, 5 and 6 besides a strong similarity with 1 possessed two carbon less in their skeleton. An isolated methyl group appeared in their spectra [for 5:  H : 2.00 (s);  C : 14.1 (q); for 6:  H : 2.95 (s);  C : 19.5 (q)] in the place for signals of an allylic group in both compounds. The difference in chemical shift observed for the methyl group allowed to located this function of the two terminal ends of the molecule, respectively. In particular the methyl group attached to the sulfoxide group showed a downfield shift both in the proton and carbon chemical shifts. Thus, the chemical structure of 5 and 6 has been determined as those reported in the formula.
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Componds 1-6 were isolated from the most active antifungal crude fractions. Thus, after their purification the new isolated compounds 1-6 have been evaluated, in comparison with those of allicin (7) towards two fungal species, the air-borne pathogen B. cinerea, and the beneficial fungus T. harzianum. The data obtained, reported in Figure 2 , showed high activity for all isolated compounds. Results showed that all compounds at the highest concentration totally inhibited the fungal growth of both fungi. At intermediate concentration, compounds had an activity generally higher respect to allicin on T. harzianum. Interestingly, on this fungus compound 1 exhibited the highest activity, reaching a 75% inhibition even at the 10 ppm concentration. A similar behavior with the maximum of inhibition was observed for all compounds on B. cinerea at the highest concentration. Differently, the activity decreased at lower concentration but remained for all compounds comparable to that of allicin, except for compound 3 that showed an activity even higher at intermediate concentration.
Sulfur compounds from the bulbs of Allium sativum L. var. Voghiera Natural Product Communications Vol. 13 (9) 2018 1165 The bioactivity of thiosulfinates has been investigated and several biological activities have been demonstrated, such as antioxidant [12] , antimicrobial [13] , antitumor and cancer preventing agents [14] , as platelet anti-aggregating agents [15] , for reducing the hypercholesterolemia [16] . Bacteriostatic activity against Helicobacter pylori, that is responsible of ulcer and gastric cancer, has been reported [17, 18] . However, thiosulfinates are very unstable compounds and give rise to further rearrangements leading to a wide variety of derived sulfur compounds based on sulfur and sulfoxide functions [1] . It is interesting to note that these thiosulfinate-derived compounds subjected to pharmacological screening still exhibit biological activity [19] . This is in agreement with our finding where the new compounds showed activity comparable or even higher to those exhibited by allicin.
Among the reported activities, the antifungal was less studied [4, [20] [21] [22] [23] [24] . The antifungal activity of allicin was first described on 1977 by Yamada and Azuma [21] on several human pathogens belonging to the genera Candida, Cryptococcus, Epidermophyton, Microsporum and Trichophyton. Yoshida et al. [22] found that allicin can act synergistically with the synthetic antibiotics and fungicides as streptomycin and chloramphenicol against Mycobacterium tuberculosis. Jonkers et al. [23] reported a synergistic interaction between the antibiotic vancomycin and allicin in the inhibition of several antibiotic-resistant enterococci. A similar synergistic interaction was reported by Ogita et al. [24] between the cuprous ion, largely used as a broad-spectrum fungicide, and allicin in the inhibition of the yeast Saccharomyces cerevisiae.
Our finding of new thiosulfinate-derived compounds from Voghiera garlic allow to include them into the class of promising antifungal metabolites of natural origin.
Experimental
General Experimental Procedures: Melting points were measured by a Kofler instrument. ESI MS experiments performed by an Applied Biosystem API 2000 triple-quadrupole mass spectrometer. The spectra were recorded by infusion into the ESI source using methanol as solvent.
1 H and 13 C NMR spectra recorded by Bruker 500 (1H at 500 MHz and 13C at 125 MHz) and 400 ( 1 H at 400 MHz and 13 C at 100 MHz) spectrometers, using solvent signal for calibration (CDCl 3 : δH 7.24, δ C 77.0). The multiplicities of 13 C NMR resonances were determined by DEPT experiments.
1 H connectivities were determined by COSY. One-bond heteronuclear 1 H-13 C connectivities were determined with 2D Heteronuclear Single-Quantum Coherence (HSQC) pulse sequence with an interpulse delay set for 1 J CH of 130 Hz while two and three bond heteronuclear 1 H-13 C connectivities, determined with 2D Heteronuclear Multiple Bond Correlation (HMBC), were optimized for [2] [3] J CH of 8 Hz. Nuclear Overhauser effect (NOE) measurements were performed by 2D ROESY experiments. Medium pressure liquid chromatography (MPLC) was performed by a Buchi Gradient System C-605 apparatus using glass columns of LiChroprep RP-18 (25-40 µm) and C-660 BUCHI fraction collector. TLC performed on SiO 2 plates with hexane:EtOAc 60:40 as a mobile phase and cerium sulphate in 2 N H 2 SO 4 as a reagent for visualizing the spots. HPLC performed in isocratic mode by a Waters 515 apparatus equipped with a refractive index detector (Waters 2414) and using Lichrocart Si60 semipreparative (7.8 × 300 mm i.d.) column. 
Extraction and Isolation:
Fresh bulbs (1 kg) of Voghiera garlic, finely hand-cutted and crushed for 1 min by using a blender, have been extracted with 1L of water at room temperature for one night. The aqueous extract was filtered and treated with 1L of dichloromethane (three times). The organic extracts were pooled and taken to dryness to afford a crude organic extract (1.2 g) that was chromatographed by MPLC on a silica g column, using a linear gradient from hexane 100% to EtOAc 100%. Biological assays: Antifungal activity was tested on two fungal species: B. cinerea, and T. harzianum. Microbes were obtained from the Department of Agricultural Sciences, University of Naples Federico II, Italy. Fungal conidia were collected from 7-day-old cultures on Potato Dextrose Agar (PDA) and washed twice with sterile water. Conidial suspension (50 μl) was spread on PDA plates and incubated for 7 days at 22°C. A suspension of 1 x 10 6 spores was prepared and used as inoculum. Antifungal activity was performed in an ELISA 96-wells plate. Compound solutions were added to obtain three final concentrations (10, 100 and 1000 p.p.m.). 10 μl of 1 x 10 6 spore suspension were inoculated in each well to reach a final volume of 100 μl. Dimethyl sulfoxide (DMSO) was used as a control with the same percentage used to prepare the compound solutions. Plates were incubated at 22°C and after 72 h the number of the germinated spores and hyphal length were measured. Fungal growth inhibition was compared to the growth of an untreated control. All tests were assessed in triplicates. Inhibition of fungal growth was statically evaluated by one way ANOVA by using molecule concentrations as a factor for each fungus. Significance was evaluated in all cases at P < 0.05 and P < 0.01.
